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(S) Panel and fuselage assembly. 

@ A method and apparatus for manufacturing 
panels and major airplane fuselage sections, 
. Including a reconfigurable fixture that, holds 
panels for routing and drilling by accurate num- 
erically controlled machine tools using original 
numerical part definition records, utilizing spa- 
tial relationships between key features of detail 
parts or subassemblies as represented by coor- 
dination holes drilled into the parts and subas- 
semblies and making the parts and. 
subassemblies Intrinsically determinate of the 
dimensions and contour of the assembly. 
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Background of the Invention 

This invention relates to a method an apparatus 
for manufacturing large mechanical structures, and 
more particularly to a method amd apparatus for 
manufacturing panels and major airplane fuselage 
sections. 

Traditional manufacturing techniques for assem- 
bling components to produce large mechanical struc- 
tures to a specified contour traditionally have relied on 
fixtured tooling techniques utilizing floor assembly 
jigs and templates to locate and temporarily fasten de- 
tailed structural parts together to locate the parts cor- 
rectly relative to one another. This traditional tooling 
concept usually requires at least one primary assem- 
bly tool for each subassembly produced, and move- 
ment of the parts from tool to tool for manufacturing 
operations as they are built up. 

The tooling is intended to accurately reflect the 
original engineering design of the product, but there 
are many steps between the original design of the 
product and the final manufacture of the tool. It is not 
unusual that the tool as finally manufactured produc- 
es parts that are outside of the dimensional toleranc- 
es of the original part design, and, more seriously, the 
tool can become out of tolerance from typical hard use 
it receives in the factory. Moreover, dimensional va- 
riations caused by temperature changes in the facto- 
ry can produce a variation in the final part dimensions 
as produced on the tool. Also, hand drilling of the part 
on the tool produce holes that are not perfectly round 
when the drill is presented to the part at a slightly non- 
perpendicular angle to the part, and also when the 
drill is plunged into the part with a motion that is not 
perfectly linear. Parts can- shift out of their intended 
position when they are riveted in non-round holes, 
and the nonuniform hole-to-rivet interference in a 
non-round hole lacks the strength and fatigue durabil- 
ity of round holes. The tolerance buildup on the part 
as it is moved from tool to tool can result in significant 
deviation from the original design dimensions, partic- 
ularly when the part is located on the tool at one end 
of the part, forseeing all of the part variation In one 
direction instead of centering it over the true intended 
position. Finally, this traditional hard tooling is expen- 
sive, difficult to change when design changes are im- 
plemented and takes up a large amount of factory 
floor space. 

These disadvantages of the use of hard tooling 
are inherent in the concept and, although they can be 
minimized by rigorous quality control techniques, 
they will always be present to some extent in the man- 
ufacture of large mechanical structures using hard 
tooling. 

Summary of the invention 

Accordingly, it is an object of this invention to pro- 


vide a method of manufacturing large mechanical 
structures which is independent of traditional hard 
tooling to determine the placement of the parts rela- 
tive to one another and the part contour. 

5 Another object of the invention is to provide a 

method of manufacturing large mechanical structures 
using intrinsic features of the part to allow them to self 
locate and determine part dimensions and part con- 
tours rather than using the traditional hard tooling 

10 concepts. 

It is yet another object of this invention to provide 
a system for manufacturing large mechanical struc- 
tures that is inherently more accurate than the prior 
art and produces structures in which the parts are 

15 consistently located on the structure within the toler- 
ance specified by the engineering design. 

It is yet another object of the invention to provide 
a system for manufacturing large mechanical struc- 
tures that is faster and less expensive than the prior 

20 art traditional techniques and requires less factory 
space and is less dependent upon the skill of workers 
to produce parts within the engineering tolerances 
specified. 

These and other objects of the invention are at- 
25 tained in a system using a method that utilizes spatial 
relationships between key features of detail parts or 
subassemblies as represented by coordination holes 
drilled into the parts and subassemblies by accurate 
numerically controlled machine tools using original 
30 numerical part definition records and making the 
parts and subassemblies intrinsically determinate of 
the dimensions and contour of the assembly. 


35 


Description of the Drawings 


The invention and its many attendant objects and 
advantages will, become better understood upon 
reading the following detailed description of the pre- 
ferred embodiment in conjunction with the following 

40 drawings, wherein: 

Fig. 1 is a partially exploded perspective view of 
a portion of an airplane fuselage constructed in 
accordance with this invention; 
Fig. 2 is an enlarged view of a junction between 

45 a stringer, a shear tie, a stringer clip and a frame 

member In a fuselage section made in accor- 
dance with this invention; 
Fig. 3 is a schematic representation of a process 
for assembling panels in accordance with this in- 

50 vention; 

Fig. 4 is a fuselage panel assembly cell designat- 
ed as station B in Fig. 3, with the left-hand bank 
omitted for clarity of illustration; 
Fig, 5 is a perspective view of one end of a recon- 

55 figurable fixture shown in the c II of Fig. 4. and 

also showing a monument for checking the accu- 
racy of the machine tool in the cell; 
Fig. 6 is a perspective view of the other end of the 
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reconf igurable fixture shown in Fig. 5 and show- 
ing the fuselage skin handling system: 
Fig. 7 is an elevation of an index device for posi- 
tioning a fuselage skin on the reconf igurable fix- 
ture shown in Figs. 5 and 6; 
Fig. 8 is an end view of the index device shown 
in Fig. 7; 

Fig. 9 is a perspective view of an assembled pan- 
el showing the coordination holes in the edges of- 
the panel and in the stringer clips; 
Fig. 10 is an enlarged detail of Fig. 9; 
Fig. 11 is a perspective view of two panels being 
joined along one edge using the coordination 
holes to form a superpanel; 
Fig. 12 is a perspective view of a fixture holding 
a frame member for drilling of coordination holes 
• by an NC machine tool; 

Fig. 13 is a perspective view of an assembled 
quarter panel, showing the frame members in- 
stalled in accordance with this invention; 
Fig. 14 is an enlarged perspective view of a detail 
in Fig 13, showing how the frame and stringer clip 
coordination holes are aligned; 
Fig. 15 is a perspective view of a floor grid held 
in a fixture while coordination holes are drilled in 
the ends of the cross members by an NC ma- 
chine tool; 

Fig. 16 is an exploded perspective view of a fuse- 
lage lower lobe showing the floor grid and frame 
connection, and also the frame and superpiahel 

connection; 

Fig. 1 7 is a perspective view of an assemble lower 
lobe in accordance with this invention; 
Fig. 18 is a perspective view of a completely as- 
semble fuselage section according to this inven- 
tion; 

Fig. 19 is an elevation of the fuselage panel as- 
sembly cell shown in Fig.4, with a touch probe 
carried by the robot arm instead of a machining 
end effector; and 

Fig 20 is a schernatic representation of the com- 
puter archetecture that controlls the fuselage 
panel assembly cell shown in Fig. 4. 

Description of the Preferred Embodiment 

Referring now to the drawings, wherein like ref- 
erence characters designate identical or correspond- 
ing parts, and more particularly to Fig. 1 thereof, a 
portion of an airplane fuselage section is shown hav- 
ing a skin 20 unto which is fastened by riveting a plur- 
ality of parallel stringers 22 and a plurality of shear 
ties 24 along station planes perpendicular to the long- 
itudinal axis of the fuselage. Aplurality of stringer clips 
26 are positioned in the channel of each stringer 22 
and each stringer clip 26 has a flat surface 28 which 
is designed to lie on one of the same station planes 
on which the shear tie surfaces lie. A frame member 


30 having a curved contour the same as the desired 
contour of the airplane fuselage is riveted to the shear 
ties and the stringer clips, as shown in Fig. 2. 

To ensure that the faying surfaces of the shear 

5 ties 24 and the stringer clips 26 lie within the desig- 
nated tolerance limits of their station planes, and that 
the alignment of the station planes between body 
panels, that is, the panel-to- panel indexing of station 
lines, is within tolerance limits, so that the frame 

10 members 30 may be fastened to the body panels and 
joined in alignment without the use of shims and with- 
out stressing the panel, the stringers 22, the shear 
ties 24 and the stringer clips 26 must be fastened to 
the fuselage skin 20 with extreme accuracy and con- 

15 sistency. The consistency enables the use of statist- 
ical process control to detect a trend toward an out of 
tolerance condition before bad parts are produced so 
that corrective action may be taken. Accuracy of parts 
manufacture insures that the airplane will come to- 

20 gether perfectly with no prestressed parts and no 
cosmetic imperfections. 

The object of this invention is to provide a method 


and apparatus usable in the airframe industry, as welt 
as others, which enables the manufacturer of parts . 
25 • with such precision and consistency. 

Turning now to Fig. 3, a schematic representation v\ 
of the process for manufacturing panels is shown hav- ' « 

ingfivestations. In the first station, station A, fuselage > 
skins 20, stringers 22, shear ties 24 and stringer clips 
30 26 are brought to a fuselage assembly cell 32 at sta- >; 
tion B where the fuselage skins 20 are loaded on to (. 
a reconfigurable holding fixture 34 as disclosed in ;i < 


U.S. Patent Application No. 07/871,321. the disclo- 
. sure of which is incorporated herein by reference. The 

35 reconfigurable fixture 34 has a plurality. jof headers 36 
which move laterally in the fixture on slides 38 to en- 
able skins 20 of different contour to be mounted on 
the fixture 34 for assembly of the stringers 22. shear 
ties 24, and stringer clips 26. Two index devices 40 

40 and 40* mount to the side of two of the headers 36 as 
shown in Figs. 5 and 6. 

Skins 20 are brought from a skin storage area 42 
via a trolly system 44 and are lifted on to the recon- 
figurable fixture 44 by an elevator 46 to which the trol- 

45 ly 44 is transferred. The skins 20 are lifted by the ele- 
• vator 46 and positioned so that a pair of end tabs 48 
and 48* are aligned with pins 50 on the index devices 
40 and 40*. 

The index device shown in Figures 6 and 7, in- 
50 eludes three precision ground alignment pins 52 
which fit into precision ground bushings set into the 
headers 36. The index devices 40 are held in place by 
bolts 54 which can be hand tightened by star wheels 
56. After the holes in the skin index tabs 48 have been 
55 placed over the pins 50 on the index devices 40 and 
40*, a slide 58 is s\\6 over the skin index tabs 48 to hold 
the skin on the pin 50. Vacuum is applied to suction 
cups 59 on the headers 36 to hold the skin firmly 
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against the headers 36, ready for machining opera- 
tions. 

Looking back at Figs. 3 and 4, a machine tool 60 
is shown mounted between the two reconfigurable 
fixtures 34. In the preferred embodiment, the ma- 
chine tool 60 is a CNC machine tool such as a 
Jo'Mach 16/3B produced by JOBS, that combines ar- 
ticulated movements with rigidity and accuracy of a 
conventional CNC machine tool. The machine tool 60 
controls a robot arm 62 which operates any of a num- 
ber of end effectors for performing machining opera- 
tions on the skin 20. The end effectors are stored in 
a rack 64. Each end effector is supported on a clamp 
in its own cubicle in the rack 64 for security. 

To pick up an end effector, the robot 60 rotates 
about a vertical axis and travels longitudinally along 
its support tracks concealed under a flexible track 
cover 66. The machine tool 60 inserts the end of the 
robot arm 62 into the receptacle in the end effector 
and a computer controller 68 directs the clamps in the 
cubicle to release the end effector to be picked up by 
the robot arm of the machine tooi eO. The machine 
tool 60 carries the end effector back to the location 
of the skin 20 on the fixture 34 and commences ma- 
chining operations on the skin. 

The machining process after the skin 20 has 
been accurately located on the fixture 34, includes 
drilling coordination holes in the skin 20 and in the 
stringers 22 mounted below the skin on the fixture 34. 
A number of coordination holes are drilled, sufficient 
to accurately locate the stringer 22 on the skin 20 
when the stringers are assembled to the skin at a sep- 
arate station. Adrilling and centering end effector (not 
shown) centers the channel of the stringer 22 on the 
end effector so that the hole drilled by the end effec- 
tor is precisely in the center of the stringer channel. 

After all of the stringers 22 have been drilled with 
coordination holes and corresponding coordination 
holes have been drilled in the skin 20, the shear ties 
24 are drilled and coordination holes for the shear ties 
are drilled in the fuselage skin. For this purpose, an 
end effector is provided for picking up the shear ties 
24, placing them against the fuselage skin 20 in the 
correct location, and drilling two coordination holes si- 
multaneously through the flange of the shear tie 24 
and the skin 20. The shear tie 24 is presented to the 
shear tie placement and drilling end effector by a 
parts presenter which centers the shear tie in a pre- 
sentation location so that the shear tie is always pre- 
sented to the robot at exactly the same position and 
orientation. In this way, when the end effector picks 
up the shear tie 24, it always picks it up at exactly the 
same position so that when it is presented to the skin 
20, the ends of the shear tie are precisely positioned 
in accordance with the original design definition for 
the part. 

The shear ties 24 are positioned one by one at 
th ir correct location on the skin 20 and th n returned 


to a numbered storage tray having individual slots for 
each shear tie. In this way, it is possible to ensure 
that, when the panel is assembled, the correct parts 
are placed at the positions at which the coordination 

5 holes for those parts were drilled. 

After the shear ties have all been positioned and 
drilled and returned to their storage tray, a stringer 
clip placement and drilling end effector is picked up by 
the robot arm 62 of the machine tool 60. The stringer 

10 clip placement and drilling end effector is disclosed in 
U.S. Patent Application No. 07/682,622, the disclo- 
sure of which is incorporated herein by reference. The 
stringer clip placement and drilling end effector picks 
up the stringer clips 26 from the parts presenter, and 

15 places them at the correct location in the channel of 
the stringers 22. A clamp in the end effector squeezes 
the sides of the stringer against the stringer clip and 
a pair of opposed drills drills through the side of the 
stringer and through the side walls of the stringer clip 

20 26. A coordination hole 69 is also drilled in the end of 
the stringer clip 26 at the same time for a purpose 
which will appear presently. The end effector then re- 
leases the stringer clip where it is held in the stringer 
22 by the resilience of the stringer walls. 

25 The final machining operation is an edge routing 

which is performed by a high speed routing end ef- 
fector. The machine tool 60 returns the stringer clip 
placement and drilling end effector to its cubicle in the 
rack 64 and picks up the routing end effector. The ma- 

30 chine tool 60 returns to its position opposite the fix- 
ture 34 and routes the edge of the fuselage skin 20 
to the correct dimension specified by the original part 
definition data base. At the conclusion of the routing, 
the fuselage skin 20 conforms closely to the original 

35 engineering part definition. In practice, the tolerance 
has been in the order of less than 0.005" which, when 
the parts are assembled on the skin, produces a pan- 
el which can be assembled with extremely close con- 
formance to the original product specification without 

40 the use of shims and without prestressing any of the 
parts. 

The skins 20 and the stringers 22 are removed 
from the fixture 34 on the trolly 44 and are carried to 
Station C in Fig. 3 which are simple hanging racks on 

45 which the skin 20 can be hung while the shear ties 24 
and stringers 22 are sealed and tack fastened to the 
skin 20. The assembled panel is now taken to an au- 
tomatic riveting machine such as a Drivematic made 
by GEMCOR, and the shear ties 24 and stringers 22 

50 are drilled and riveted to the skin. 

The panel 70 is next taken to Station E in Fig. 3 
where the stringer clips 26 are inserted at the correct 
location and are held in place while additional holes 
are drilled and rivets are inserted and upset. This 

55 process can occur on a hanging rack as illustrated in 
Fig. 3 or on a work table as shown in Fig. 9. The string- 
er clip 26, shown in Fig. 10, is accurately positioned 
so that its faying surface 28 lines up exactly with the 
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corresponding vertical surface cn the flange of the 
shear tie 24 and both surfaces lie along the station 
plane around the fuselage as it will eventually exist 
from buildup of a plurality of panels 70. 

While the skin 20 was on the fixture 34 a series 
of panel-to-panel coordination holes 72 was drilled 
along the edge of the skin 22, These panel-to-panel 
coordination holes 72 are now used to position the 
panels relative to each other on a fixture 74 shown in 
Fig. 11. The configuration of the fixture 74 is non-crit- 
ical because the panels are still relatively flexible and 
the ultimate configuration of the fuselage will be de- 
termined, not by the tooling, but by the parts them- 
selves, as will be described below. 

The panels 70 are positioned on the fixture 74 
and the coordination holes 72 are aligned on adjacent 
panels and sealant is applied between the facing sur- 
faces of the panel edges. The panels are aligned so 
that the coordination holes 72 on adjacent panels line 
up exactly and the two panels are fastened together 
at their adjacent edges by temporary cleco fasteners 
through the coordination holes to insure that the pan- 
els are exatly aligned. The panels are then drilled and 
riveted to permanently fasten them together to form 
a super panel 74. 

As shown in Fig. 1 2. an aircraft frame member 30 
is mounted on a fixture 76 in opposition to a precision 
machine tool 78 for drilling of coordination holes in the 
frame member. The frame is mounted on index pins 
on index devices 82 similar to that shown in Fig. 7 and 
8 and the position of the index devices 82 is checked 
with the machine tool 78 as discussed below in con- 
nection with the checking of the machine tool 60. The 
position of the coordination holes is downloaded from 
the CAD/CAM main frame original engineering part 
definition records in the same manner that the ma- 
chine tool 60 is controlled by original engineering data 
so that the coordination holes correspond to the orig- 
inal part definition rather than to an interpretation of 
that information as expressed in hard tooling. The co- 
ordination holes drilled in the frame member 30 in- 
clude holes 80 for alignment of the frame to the coor- 
dination holes 69 in the stringer clips 26, holes 81 for 
alignment of the floor grid as will be described later, 
and holes 83 for alignment to the frame with stringer 
clips of the upper lobe of the fuselage, also to be de- 
scribed later. 

After the coordination holes are drilled in the 
frame 30, the frame is removed to the fixture 34 
shown in Fig.11 and fitted to the superpanel 70. The 
coordination holes 80 are aligned with the coordina- 
tion holes 69 in the stringerclip 26 and are temporarily 
fastened through the aligned coordination holes with 
cleco fasteners. This alignment determines the out- 
side contour of the superpanel skin so that the con- 
tour is independent of any hard tooling and instead is 
determined by the location of the coordination holes 
80 in the frame which in turn was directly controlled 


by the original engineering part definition data as 
downloaded from the data in the CAD/CAM main 
frame. 

When the frame members 30 are all clecoed into 
5 position through the aligned coordination holes 80 
and 69 in the frame and stringer clips 26, the tabs 84 
on the frame member 30 are clamped, drilled and riv- 
eted to secure the frame member 30 to the superpa- 
nel 74. The cleco fasteners are then removed one by 
10 one and replaced with permanent rivets to secure the 
stringer clips 26 to the frame member 30 to produce 
a fuselage quarter panel as shown In Fig. 13, 

Turning now to Fig. 15, a floor grid 90 made of 
series of longitudinal floor grid members 86 and cross 
15 floor grid members 88 is held in a fixture 92 while co- 
ordination holes 94 are drilled in the ends of the cross 
members 88. The floor grid 90 itself may be manufac- 
tured using the same determinant assembly concept 
of part manufacturing as disclosed herein for panel 
20 and fuselage manufacture. In this way, the longitudi- 
nal dimension between adjacent across members 88 
will correspond exactly to the longitudinal dimension 
between adjacent station planes, so that when floor 
grid is inserted in the fuselage between frame merrv 
25 bers, the frame members 30 will lie perfectly flush 
against the corresponding cross members 88 of the 
floor grid 90. When the coordination holes 94 have 
been drilled, the floor grid is hoisted by its. support 
rack 96 into position in the assembled fuselage as 
30 shown in Fig. 16 and the coordination holes 81 drilled 
by the machine tool 78 are aligned with the coordin- 
ation holes 94 in the ends of the cross. members 88 
" of the floor grid 90. Temporary cleco fastenersare in- 
serted through the aligned coordination holes to hold 
35 the floor grid in its- correct position and the4loor grid 
is then drilled and riveted into position in permanent 
assembly as shown in Fig. 1 7. The fixture 98 on which 
the fuselage lobe 100 is supported has a compliant 
support 99 which allows the fuselage to flex so that 
40 the alignment of the coordination holes 81 and 94 will 
determine the cross dimension of the fuselage lobe 
100. Thus, the fixture 98 does not determine the fu- 
selage contour, but rather the dimensions of the co- 
ordination holes dirilled into the floor grid 90 determi- 
45 nes the cross dimension across the fuselage. 

After ail of the floor grid cross members 88 are 
riveted into place on the frame members 30, an upper 
fuselage lobe 1 02, also made in accordance with the 
determinate assembly technique described herein, is 
50 hoisted into place over the lower lobe 100 and coor- 
dination holes on the edges of the panels which make 
up the upper lobe are aligned with the holes in the 
panels which make up the lower lobe. Temporary cle- 
co fasteners are inserted through the aligned holes to 
55 hold the upper lobe in place on the lower lobe. Coor- 
dination holes 83 in the protruding ends 104 of the 
frame members are aligned with the corresponding 
stringer clips 26 in the upper lobe and are temporarily 
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fastened with clecos through the aligned coordination 
holes. Once the frame mennbers and lobe skin coor- 
dination holes are all aligned and temporarily fas- 
tened, the entire assembly is sealed, clamped, drilled 
and riveted to form the final fuselage section as 
shown in Fig. 18. 

Turning now back to Fig. 5 and 6, the fuselage as- 
sembly cell 32 includes a monument 106 on which a 
pair of index devices 108 and 108' are mounted. The 
monument 1 06 can include a pair of fixed headers 110 
and 110' on which a test coupon can be mounted by 
way of index tabs which fit into the index devices 108 
and 108' in the same way that the skin tabs 48 fit in 
the index device 40. The purpose of the test coupon 
is to provide a test article that can be manufactured 
and accurately measured in a convenient manner to 
provide assurance to the factory manager that the 
system is producing accurate parts. 

A more important function of the monument is its 
role in an indexing system which is used each time a 
new operator assumes control over the fuselage as- 
sembly cell 32 from the previous operator at shift 
change or the like. The new operator initiates a com- 
mand which instructs the machine tool 60 to pick up 
a touch probe 112 and commence a probing routine. 
The touch probe 112 can detect contact in the 2 direc- 
tion, that is the direction of its length, and in both or- 
thoginal directions perpendicular to its length. This 
enables the touch probe 112 to measure the distance 
from the machine tool to a contact point on the recon- 
f igurable fixture 34 and also vertically and horizontal- 
ly facing surfaces on the reconf igurable fixture. The 
probe routine executed by the robot arm first probes 
a pair of datum rings in the index devices 108 and 
108' attached to the monument 1 06 to determine any 
temperature induced changes between the two da- 
tum rings. A compensation factor is introduced by the 
machine controller 68 to compensate for dimensional 
changes introduced by temperature deviations from 
the norm. 

The touch probe 112 is guided by a custom pro- 
gram residing In the machine controller 68 to deter- 
mine the location of the skin indexes 40 and 
40' mounted on the headers 36 of the reconf igurable 
fixture 34. The measured location is compared with 
the theoretical location and the machine controller 68 
halts the operation if the actual location differs from 
the theoretical location by more than the specified 
tolerance. 

A stationary probe 114 is mounted on one of the 
frame members of the reconf igurable fixture 34. The 
stationery touch probe 114 is used to perform a func- 
tional check of the end effectors by presenting the 
end effectors to the stationery probe 1 14 to check for 
proper alignment and part pickup. The robot arm 62 
operating under a check routine, presents the end ef- 
fector anvils to the stationery touch probe 114 and 
compares the measured results with the theoretical 


data as stored in the machine controller 68. If there 
is a deviation by more than the specified tolerance 
limits, the end effector may be replaced with a spare 
end effector of the same type or the machine opera- 
5 tion can be terminated while an accuracy audit is con- 
ducted. 

The spindle mounted probe 112 is used to deter- 
mine the location of point positions along the curved 
surface of the headers 36. These point locations are 

10 transferred to the machine controller 68 for compari- 
son with theoretical data and corrective action if de- 
viations are noted. 

Turning now to Fig. 20, the computing architec- 
ture for control of the fuselage assembly cell 32 is 

15 shown schematically to include computer functions 
which are performed the CAD/CAM main frame 116 
where the original engineering digital product defini- 
tion is recorded and available as the ultimate product 
definition authority, a numerical control converts this 

20 data into a form that is usable by the post processor, 
which converts the digital parts definition data into 
motion commands for the robot arm 62 when carrying 
the appropriate end effector with the appropriate cut- 
ter. The IMS Database is a large capacity storage 

25 bank for storing all the parts programs that will be 
used by the assembly cell. 

The other computing functions are performed at 
computer hardware stations in the fuselage assembly 
cell 32 and for convenience are performed by several 

30 separate computer hardware units, an IBM PS/2 118, 
the machine controller 68 which in the case of the 
preferred embodiment Is an Allen Bradley 8600 IWS, 
and three Allen Bradley PLC's. One PLC 120 controls 
the clamps in the end effector storage rack 64, and 

35 the other two PLC's 123 and 124- control the recon- 
f igurable fixtures and man lifts on the right and left 
banks of the assembly cell 32, respectively. All three 
PLC's communicate with the 8600 via a remote i/o 
line 126. The man lifts are personnel platforms 122 

40 for raising workers up to the elevation of the skin in- 
dex devices 40 when the skins are to be mounted on 
the reconf igurable fixture 34. 
A system is thus disclosed which is usable for assenv 
bling parts on a skin to produce an accurate fuselage 

45 panel, and a system is disclosed for assembling pan- 
els so assembled into a full airplane fuselage. The de- 
terminant assembly concept embodied in this disclo- 
sure utilizes the spatial relationships between key 
features of detail parts and subassemblies, as de- 

50 fined in the digital design and represented by coordin- 
ation holes put into the parts and subassemblies by 
a numerically driven tool controlled by original part 
design data, to control the relative location of detail 
parts in subassemblies, and the relative relationship 

55 of subassemblies to each other, making the parts self 
locating. This concept eliminates the need for tradi- 
tional hard tooling used for decades in the air frame 
industry and for the first time enables assembly of 
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large mechanical structures wherein the contour of 
the structure and the relative dimensions within the 
structure are determined by the parts themselves 
rather than the tooling. 

Obviously, numerous modifications and variations of 
the system disclosed herein will occur to those skilled 
in the art in view of this disclosure. Therefore, it is ex- 
pressly to be understood that these modifications and 
variations, and the equivalents thereof, may be prac- 
ticed while remaining within the spirit and scope of 
the invention as defined in the following claims, 
wherein we claim: 


ing: 

removing said sheet and said parts from 
said fixture; 

deburring said parts and said sheet to re- 
5 move burrs around said holes; 

aligning said coordination holes in said 
sheet and said parts to accurately locate said 
parts on said sheet; 

fastening said parts to said sheet through 
10 said coordination holes; and 

clamping said parts to said sheet, drilling 
rivet holes, and riveting said parts to said sheet 
in said accurate location of said parts. 


Claims 

1. A method of accurately assembling parts on a 
sheet to make a panel, comprising: 

positioning said sheet on a fixture and 
holding said sheet immobile on said fixture; 

drilling coordination holes in said sheet at 
- locations that will match with corresponding co- 
ordination holes in said parts, so that said parts 
will be accurately located when said coordination 
holes in said parts and said sheet are aligned; 

routing the peripheral edges of said sheet 
while still on said fixture, to accurately locate said 
peripheral edges relative to said holes; 

said drilling and routing being done using 
end effectors carried by a precision computer 
controlled robot that is directed to the drilling lo- 
cations and the routing surfaces using a digital 
dataset taken directly from digital engineering 
part definition records. 

2. A method as defined in claim 1, wherein: 

said sheet is a contoured, chemical milled 
aluminum aircraft skin, and said parts Include 
longitudinal stiffening stringers, stringer clips and 
shear ties; 

said stringer clips and shear ties each 
have a surface that, when located in accordance 
with said engineering digital product definition, 
together define a lateral plane that is perpendic- 
ular to the longitudinal axis of the airplane; 

said coordination holes in said airplane 
skin and said shear ties and said stringer dips be- 
ing located such that said surfaces line up around 
the entire circumference of said airplane within 
0.01 inch of said plane. 

3. A method as defined in claim 1, wherein: 

some of said parts are carried by said end 
effector and said robot to said sheet and placed 
in position on said sheet and both are drilled at 
the same time with a single plunge of said drill. 

4. A method as defined in claim 1, further compris- 


f 5 5. A method as defined in claim 1 , further compris- 
ing: 

measuring the critical and reference di- 
mensions of said fixture with measurement sen- 
sors carried by said robot to confirm the accuracy 

20 of the position of said fixture and the precision of 

said robot, to confirm that the sheet loaded on 
said fixture corresponds with the dataset loaded 
into said computer, and to establish an offset 
amount by which the data for said part can be of f- 

25 set when drilling and routing said sheet. 

6. A system for assembling parts on a sheet to form 
a panel, comprising: 

a fixture for holding said sheet and pre- 
30 senting said sheet broadside to a robot; 

a rack for holding a plurality of end effec- 
tors in position to be picked up by said robot; 

a drilling end effector having an intercon- 
nect which can be gripped and centered by said 
35 robot and having a drill for drilling holes,. in said 

sheet on centers determined by movement of 
said robot; 

a routing end effector having an intercon- 
nect which can be gripped and centered by said 

40 robot and having a router for routing the periph- 

eral edges of said sheet along lines determined 
by movement of said router 

a part program constituting of a data set 
having complete panel assembly detail design in- 

45 formation obtained directly from original digital 

engineering part fef inition records, including lo- 
cations on the sheet of all fastener holes for fas- 
tening the parts needed to make up the panel, 
and the position on the sheet of the peripheral 

50 edges thereof relative to all of said holes, said 

part program also Including machine instructions 
for directing the movement of said robot to carry 
said end effectors to the locations on said sheet 
at which machining operations are needed to fas- 

55 ten said parts in the correct locations and to pro- 

duce a peripheral routed edge of the correct con- 
figuration, said data set residing on a central 
CAD/CAM computer mainframe; 
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a control computer for controlling the mo- 
tion of the robot In accordance with the instruc- 
tions contained in said part program and for au- 
tomatically performing absolute coordination 
probing to verify the accuracy of the robot and fix- 5 
ture positioning. 

7. A system for assembling parts on a sheet to form 
a panel, as defined in claim 6, further comprising: 

an index device mounted on said fixture at io 
a known location to serve as a reference monu- 
ment; 

a probe end effector having an intercon- 
nect which can be gripped and centered by said 
robot and having a probe for sensing contact with is 
said index device. 

8. A system for assembling parts on a sheet to form 
a panel, as defined in claim 7, wherein said index 
device comprises: 20 

a base member having a hole of precisely 
known dimensions at a precisely known location 
in said monument, said hole being accessible by 
a probe carried by said machine tool; 

whereby said hole may be probed by said 25 
probe and the dimensions measured by said 
probe compared to the known dimensions and- 
location of said hole to determine the accuracy of 
said machine tool. 

30 

9. A system for assembling parts on a sheet to form 
a panel, as defined in claim 6, further comprising: 

an index device removably connected to 
said fixture and including a base member having 
a plurality of alignment pins for location on said 35 
fixture at a precisely accurate position, a pin fixed 
in said base member for insertion in a hole in an 
index tab on said skin, and a hole of precisely 
known dimension at a precisely known distance 
from said pin; 40 

a probe end effector having an intercon- 
nect which can be gripped and centered by said 
robot and having a probe for sensing contact with 
said index device. 

whereby said hole may be probed by said 45 
probe and the location thereof measured by said 
probe, said location may be compared to the 
known location of said hole to determine the ac- 
curacy of position of said fixture. 

50 

10. A method of making an airplane fuselage from a 
plurality of individual subassemblies including 
panels, frame memembers and floor grids, com- 
prising: 

drilling coordination holes In the marginal 55 
regions of said panels; 

aligning said coordination holes in adja- 
cent edges of a plurality of panels and temporarily 


fastening said panels together through said 
aligned coordination holes; 

clamping, drilling and riveting said panels 
together along said adjacent edges to produce a 
superpanel; 

drilling a coordination hole in a plurality of 
stringer clips and corresponding coordination 
holes in a plurality of frame members; 

orienting said frame members on station 
planes adjacent said stringer clips, and aligning 
said coordination holes on said frame members 
with corresponding holes in said stringer clips; 

temporarily fastening said frame members 
to said stringer clips through said coordination 
holes; 

clamping, drilling and riveting said frame 
members to said stringer clips and to a plurality 
of shear ties fastened to said panel skin and ex- 
tending between said stringers along said station 
planes; 

drilling a coordination hole adjacent two 
ends of a plurality of cross members of a floor 
grid, and corresponding coordination holes in 
said frame members at locations therealong at 
which it Is desired to connect said floor grid; 

orienting said floor grid adjacent said 
frame members and aligning said coordination 
holes in said cross members of said floor grid with 
said corresponding coordination holes in said 
frame members; 

temporarily fastening said cross members 
to said frame members through said coordination 
holes; 

clamping, drilling and fastening said floor 
grid cross members to said frame members to 
form a lower fuselage lobe; 

drilling coordination holes along two long- 
itudinally extending edges of said fuselage lower 
lobe, and along two corresponding longitudinally 
extending edges on a fuselage upper lobe; 

orienting said fuselage upper lobe over 
said fuselage lower lobe and aligning said coor- 
dlnatk)n holes along said longitudinally extending 
edges of said fuselage upper lobe with said cor- 
responding coordination holes along said longitu- 
dinally extending edges of said lower lobe; 

sealing and temporarily fastening said up- 
per lob and said lower lobe along said longitudin- 
ally extending edges through said coordination 
holes; 

clamping, drilling and fastening said fuse- 
lage upper and lower lobes together along said 
longitudinally extending edges to form a fuselage 
section; 

wherein said drilling is done using end ef- 
fectors carried by a precision computer controlled 
robot that is directed to the drilling locations using 
a digital dataset taken directly from digital engin- 


8 


15 


EPO 593 127 A1 


eering part definition records, so the spacial re- 
lationships between key features of detail parts 
and subassemblies as defined by said coordina- 
tion holes make said parts and subassemblies 
self-locating and intrinsically determinate of the 
final contour and configuration of said fuselage, 
independent of tooling. 

11. A method of making an airplane fuselage section 
as defined in claim 10, wherein: 

said drilling of coordination holes in said 
.- superpanel is done while said parts are stiti in the 
panel assembly process, whereby all coordina- 
tion holes can be drilled in a part as part of the 
same series of operations on a single holding fix- 
ture. 

12. A method of making an airplane fuselage section 
as defined in claim 10, further comprising: 

checking the accuracy of said robot by 
probing a monument of known dimensions and lo- 
cation to compare the predicted dimensions and 
location with the dimensions and location as ac- 
tually measured by said robot-carried probe. 

13. A method of making large airplane structures 
from a plurality of subassemblies, comprising: 

drilling coordination holes in components 
of which said subassemblies are made for accu- 
rate assembly of said subassembly, and In the 
same operation, drilling coordination holes in said 
components that will be located on the subas- 
sembly in a position to be used to accurately pos- 
ition said subassenfiblies relative to each other so 
the spatial relationships between key features of 
said subassemblies as defined by said coordina- 
tion holes make said subassemblies self-locating 
and intrinsically determinate of the final contour 
and configuration of said large airplane structure, 
independent of tooling; 

wherein said drilling is done using end ef- 
fectors carried by a precision computer controlled 
robot that is directed to the drilling locations us- 
ing a digital dataset taken directly from original 
digital part definition records. 

14. A method as defined in claim 13, further compris- 
ing: 

checking the accuracy of said robot by 
probing a monument of known dimensions and lo- 
cation to compare the predicted dimensions and 
location with the dimensions and location as ac- 
tually measured by said robot-carried probe. 

1 5. A method as defined in claim 1 3, further compris- 
ing: 

supporting said subassemblies on a com- 
pliant fixture that allows said assembly to flex and 


assume a shape and dimensions as determined 
by the dimensions of said subassemblies rather 
than the dimensions and shape of said fixture. 
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